Abstract
Homo sapiens appears to be a "very special primate" 1 . Our position among animal species stands 23 out largely thanks to the composite complexity of our cultures, social structures and communication 24 systems. It seems very reasonable that this "human condition" is rooted, at least in part, in the 25 properties of our brain, and that these can be traced to changes in the genome on the modern human 26 lineage. This phenotype in the population called "anatomically modern humans" emerged in Africa 27 likely before the deepest divergence less than 100,000-200,000 years ago 2, 3 , although complex 28 population structure may reach back up to 300,000 years ago [4] [5] [6] . Except of some early dispersals 7   ,  29 humans most likely peopled other parts of the world than Africa and the Middle East permanently 30 only after around 65,000 years ago. It has been claimed that the brain of modern humans adopted a 31 specific, apomorphic growth trajectory early in life that gave rise to the skull shape difference 32 between modern humans and extinct branches of the genus Homo 8 , although the timing of this 33 change is debated 9 . This ontogenic trajectory, termed the "globularization phase", might have 34 contributed to our singular cognitive abilities 8, 10, 11 . 35 We are now in a favorable position to examine the evolution of human biology with the help of 36 the fossil record, in particular thanks to breakthroughs in paleogenomics: The recent reconstruction 37 of the genomes of members of archaic Homo populations [12] [13] [14] has opened the door to new 38 comparative genomic approaches and molecular analyses. The split of the lineages leading to 39 modern humans and other archaic forms (Neanderthals and Denisovans) is estimated to around 40 600,000 years ago 2 , setting the timeframe for truly modern human-specific changes after this split, 41 but before the divergence of modern human populations (Fig. 1) . Together with efforts to explore 42 present-day human diversity 15 , this progress has allowed to narrow down the number of candidate 43 point mutations from ~35 million differences since the split from chimpanzee when comparing only 44 reference genomes 16 to 31,389 fixed human-specific changes in a previous seminal study 1 . 45 Some of these changes have been linked to putative functional consequences 1, 13, 17 , and evidence 46 is mounting that several molecular changes affecting gene expression in the brain were subject to 47 selective pressures [18] [19] [20] [21] [22] . Furthermore, the genomic impact of interbreeding events is not evenly 48 distributed across the genome. Genes expressed in regions of the brain regarded as critical for 49 certain cognitive functions are depleted in introgressed archaic genetic material [23] [24] [25] [26] , and 50 introgressed alleles are downregulated in some brain regions, suggesting natural selection acting on 51 tissue-specific gene regulation 27 . Thus, it seems reasonable to conclude that there were differences 52 between anatomically modern human and Neanderthal brains, and that these underlie at least some 53 of the characteristics of our lineage 28 . We want to emphasize that such recent differences are likely 54 to be subtle when compared to those after the split from our closest living relatives on a scale of 6-55 10 million years 29 , where fundamental changes arose since the divergence from chimpanzees and 56 bonobos 30 . The observation of recurrent gene flow between modern human and archaic populations 57 also implies a broad overall similarity, yet, such subtle differences may still have contributed to the 58 evolutionary outcome 31 . Obviously, not all human-specific changes are beneficial: While most 59 mutations may be rather neutral and have little effect on the phenotype, some may have had 60 deleterious effects or side-effects, possibly increasing the risks for neurodevelopmental or 61 neurodegenerative disorders in humans [32] [33] [34] . 62 The goal of this paper is to provide a set of recent single nucleotide changes in humans since 63 their split from Neanderthals that could enrich our understanding of the molecular basis of the 64 recent human condition. The previous focus on fixed alleles was reasonable given limited data 1 , but 65 having a better grasp of the magnitude of modern human variation and the interaction between 66 different hominin lineages seems a good reason to cast a wider net, and take into account not only 67 fixed differences but also high-frequency changes shared by more than 90% of present-day 68 individuals. Here, we present a revised list of 36 genes that carry missense substitutions which are 69 fixed across 1,000s of human individuals and for which all archaic hominin individuals sequenced 70 so far carry the ancestral state. In total, 647 protein-altering changes in 571 genes reached a 71 frequency of at least 90% in the present-day human population. We attempt to interpret this list, as 72 well as some regulatory changes, since it seems very likely that some of these genes would have 73 contributed to the human condition. 74 We will discuss some of their known functions, and how these relate to pathways that might have 75 been modified during human evolution ( Fig. 1) , in a bottom-up fashion. Beginning at the molecular 76 level, changes found in genes associated to the mitotic spindle complex might be relevant, as has 77 been suggested in previous studies 1, 13 . The cellular features of neurons (axons and synapses) have 78 been considered important in light of their role in traits such as vocal learning [35] [36] [37] , and possibly 79 behavioral phenotypes 38 . Pathways influencing brain organization were modified during hominin 80 evolution, and we suggest that this might have been extended further since the split from 81
Neanderthals and other archaics 39 . Finally, we discuss implications for other complex phenotypic 82 traits, with a focus on cognition and life history trajectory. We restrict our attention to genes where 83 the literature may allow firm conclusions and predictions about functional effects, since many genes 84 might have multiple different functions 40 . Obviously, experimental validation will be ultimately 85 needed to confirm our hypotheses concerning alterations in specific functions. 86 87 
88
Figure 1: Conceptual summary of this study. 89 90 91 
Results

93
Genetic differences between present-day humans and archaic hominins 94 Using publicly available data on one Denivosan and two Neanderthal individuals and present-95 day human variation (Methods), we calculated the numbers of single nucleotide changes (SNCs) 96 which most likely arose recently on the respective lineages after their split from each other, and 97 functional consequences as predicted by VEP (Table 1) U  T  R   7  7  7  0  2  3  3  4  5  0  6  5  ,  3  0  3  1  9   D  o  w  n  s  t  r  e  a  m   1  ,  9  2  2  1  9  ,  7  0  4  1  1  ,  6  7  3  4  ,  9  5  6  5  5  ,  8  3  2  2  8  1   m  i  R  N  A   0  1  2  0  4  0   R  e  g  u  l  a  t  o  r  y  e  l  e  m  e  n  t   1  ,  9  5  2  2  0  ,  9  7  1  1  2  ,  3  2  0  5  ,  1  2  5  5  9  ,  2  4  8  1  9 5 Ranking and enrichment 157 We assessed the impact of mutations for different deleteriousness scores (Table 2), finding 12  158 genes with deleterious HHMCs according to SIFT, three according to PolyPhen, and 16 when using 159 the Grantham score (>180), measuring the physical properties of amino acid changes. The C-score 160 and GWAVA can be used to rank all mutation classes, and we present the top candidates. 161 Then, we attempted a ranking of genes by the density of lineage-specific changes in the dataset. 162 As expected, the total number of segregating sites is correlated with gene length (Pearsons' R = 163 0.93). This correlation is weaker for HF human SNCs (R = 0.73) and fixed human-specific SNCs (R 164 = 0.25), as well as for fixed (R = 0.37) and HF (R = 0.82) SNCs in archaics. We conclude that some 165 genes with a large number of human-specific changes might carry these large numbers by chance, 166 while others are depleted. Indeed, 17,453 (88.9%) of these genes do not carry any fixed human-167 specific change, and 80.5% do not carry fixed archaic-specific changes. Of note, genes that have 168 attracted attention in the context of traits related to the "human condition" like CNTNAP2 and 169 AUTS2 are among the longest genes in the genome, hence changes in these genes should be 170 interpreted with caution as they are not unexpected. We ranked the genes by the number of HF 171 changes in either modern humans or archaics, divided by their genomic lengths, and categorize the 172 top 5% of this distribution as putatively enriched for changes on each lineage (Table S5 ). We note 173 that 191 genes (30.9%) fall within this category for both human HF changes and archaic HF 174 changes, as a result of differences in mutation density. In order to distinguish a truly lineage-175 specific enrichment, we calculated the ratios of HF changes for humans and archaics, defining the 176 top 10% of genes in this distribution as putatively enriched ( (Table S7 ). Changes in genes associated to "Cognitive decline (age-related)", 199 "Rheumatoid arthritis" or "Major depressive disorder" might point to pathways that could have 200 been influenced by protein-coding changes on the human lineage. In archaics, genes are enriched, 201 among others, for associations to traits related to body mass index or cholesterol levels, which 202 might reflect differences in their physiology. We also find an enrichment of genes associated to 203 behavioral disorders on the archaic lineage. 204 We find a significant enrichment of protein-protein interactions (P = 0.006) among the gene 205 products of HHMC genes (Fig. S2 ), meaning that these proteins interact with each other more than 206 expected. Functional enrichment is found for the biological process "cellular component assembly 207 involved in morphogenesis", most strongly for the cellular components cytoskeleton and 208 microtubule, as well as the molecular function "cytoskeletal protein binding". Three proteins have 209 at least 20 interactions in this network and might be considered important nodes: TOP2A, PRDM10 210 and AVPR2 (Table S8 ). However, proteins encoded by genes with synonymous changes on the 211 modern human lineage seem to be enriched for interactions as well (P = 0.003), as are proteins 212 encoded by genes with AHMCs (P = 1.68 x 10 -14 ), with an enrichment in GO categories related to 213 the extracellular matrix and the cytoskeleton, and the most interacting proteins with more than 40 214 interactions being GART, LRGUK, ARRB1, SPTAN1 and ATM (Table S8) . We caution that these 215 networks might be biased due to more mutations and possibly more interactions in longer, multi-216 domain genes. 217 Regulatory changes might have been important during our evolution 42 44, 45 , using the HF synonymous changes on each lineage as background sets. We find an 227 enrichment of gene expression in the orbital frontal cortex at infant age (0-2 years) for genes with 228
HHMCs, but no enrichment for genes with AHMCs. Furthermore, when testing the genes with 229
HHMCs and using the set of genes with AHMCs as background, "gray matter of forebrain" at 230 adolescent age (12) (13) (14) (15) (16) (17) (18) (19) 
Discussion
245
The kinetochore and spindle complex 246 It has been proposed previously that protein-coding changes in cell cycle-related genes are highly 247 relevant candidates for human-specific traits 1,13 . Indeed, three genes (CASC5, SPAG5, and KIF18A) 248 have been singled out as involved in spindle pole assembly during mitosis 1 .
Other genes with 249 protein-coding SNCs (NEK6 and STARD9/KIF16A) turn out to be implicated in the regulation of 250 spindle pole assembly as well 46, 47 . Furthermore, it has been claimed 13 that genes with fixed non-251 synonymous changes in humans are also more often expressed in the ventricular zone of the 252 developing neocortex, compared to fixed synonymous changes. Since the kinetochore-associated 253 genes CASC5, KIF18A and SPAG5 are among these genes, it has been emphasized that this "may be 254 relevant phenotypically as the orientation of the mitotic cleavage plane in neural precursor cells 255 during cortex development is thought to influence the fate of the daughter cells and the number of 256 neurons generated 48 " 13 . Several fixed SNCs on the modern human lineage are observed for CASC5 257 (two changes) and SPAG5 (three changes), which is also among genes with a relatively high 258 proportion of HF changes (Table S5 ). The changes in KIF18A, KIF16A and NEK6 can no longer be 259 considered as fixed, but occur at very high frequencies (>99.9%) in present-day humans. 260 We attempted to determine whether an enrichment of genes with HHMCs on the human lineage 261 can be observed in the ventricular zone for the same data 45 , but instead find an enrichment in the 262 intermediate zone, where less than 5% of random gene sets of the same size are expressed. 263
However, synonymous HF changes also show an enrichment in this layer, as well as genes with 264
AHMCs (Table S10) , suggesting an overrepresentation of genes that carry mutations in the coding 265 regions rather than lineage-specific effects. However, we were able to broadly recapitulate the 266 observation of an enrichment of expression in the ventricular zone if restricting the test to genes 267 with non-synonymous changes at a frequency greater than 99.9% in present-day humans, which is 268 not observed for corresponding synonymous and archaic non-synonymous changes (Table S10) . (Table S9)  274 with 143 HHMCs that putatively interact with proteins at the centrosome-cilium interface 49 , which 275 is more than expected using 1,000 random gene sets of a similar length distribution, for which 276 98.9% contain fewer genes with HHMCs. However, 99.9% of random sets also contain fewer genes 277
with AHMCs, suggesting that differences between humans and archaics might lie in the particular 278 genes rather than their numbers. The centrosome-cilium interface is known to be critical for early 279 brain development, and centrosome-related proteins are overrepresented in studies on the 280 microcephaly phenotype in humans 50 , which we will discuss below. Some of the genes listed here 281 and discussed elsewhere in this study, such as FMR1, KIF15, LMNB2, NCOA6, RB1CC1, SPAG5 282 and TEX2, harbor not only HHMCs, but an overall high proportion of HF changes on the human 283 lineage. 284
Among the 15 fixed protein-coding changes identified here but absent from previous analyses 1, 13 , 285 some might also contribute to complex modifications of pathways in cell division: The AHR 286 protein is involved in cell cycle regulation 51 and shows an excess of HF changes on the human 287 lineage, the dynein DNHD1 might be recruited to the kinetochore 52 and is overexpressed in fetal 288 brain 53 , and the SSH2 protein (two fixed changes, one of which is first described here; and one on 289 the archaic lineage) might interact with spindle assembly checkpoint proteins 54 . SHROOM4, which 290 is associated to a mental retardation syndrome with delayed speech and aggressive behavior 55 , may 291 also be relevant 56 . Other proteins that carry two HHMCs are involved in mitosis, for example the 292 spindle checkpoint regulator CHEK1 57 , the Dynein Axonemal Heavy Chain 1 (encoded by 293 DNAH1), the mitotic regulator AZI1 (CEP131) 58 , the Cyclin D2 (CCND2) and the Protein Tyrosine 294
Phosphatase Receptor Type C (PTPRC) 59 . Other genes with HHMCs that could be part of the same 295 functional network are FOXM1 60 and FMR1 61 , which carry a putative enrichment of HF changes, 296
and TOP2A 62 . The TOP2A protein shows the largest number of interactions (53) with other HHMC-297 carrying proteins, while CHEK1, KIF18A, KIF15 and PTPRC are among highly-interacting 298 proteins with more than ten interactions, which suggests that these proteins might function as 299 interaction hubs in modifications of the cell division complex. Furthermore, enrichment in cell-300 cycle related GO categories has been found for candidate regions for ancient positive selection 20 , 301 and ANAPC10 has been highlighted, containing two potentially disruptive intronic changes that are 302 fixed derived in modern humans and ancestral in both Neanderthals and Denisovans. This gene 303 carries a total of 39 HF changes (11 of them fixed) specific to modern humans, but none for 304 archaics. , and contains two 342
HHMCs (but also five AHMCs). Versican (VCAN), which promotes neurite outgrowth 74 , carries 343 three HHMCs, and SSH2 (two HHMCs) might be involved in neurite outgrowth 75 . PIEZO1, which 344 carries a non-synonymous change that is almost fixed in modern humans, is another factor in axon 345 guidance 76 , as well as NOVA1 77 , which is an interactor of ELAVL4 78 , a gene that codes for a 346 neuronal-specific RNA-binding protein and might have been under positive selection in 347 humans 19, 22 . Furthermore, among genes with the most deleterious regulatory SNCs, we find the 348
Netrin receptor UNC5D, which is critical for axon guidance 79 . 349
The .
417
Genes associated with brain growth trajectory changes lead not necessarily to a decrease but also 418 an increase of brain size 121 , suggesting that the disease phenotype of macrocephaly might point to 419 genes relevant in the context of brain growth as well. One of the few genes with several HHMCs, 420 CASC5, has been found to be associated with gray matter volume differences 122 . It has been claimed 421 that mutations in PTEN alter the brain growth trajectory and allocation of cell types through 422 elevated Beta-Catenin signaling 123 . This gene is also present among differentially expressed genes 423 in human neurons compared to chimpanzee neural progenitor cells during cerebral cortex 424 development, which may relate to a lengthening of the prometaphase-metaphase in humans 425 compared to chimpanzees that is specific to proliferating progenitors and not observed in non-426 neural cells 124 . We find that PTEN falls among the genes with the highest number of HF SNCs on 427 the human lineage per length, and also among the genes with an excess on the modern human over 428 the archaic lineage, suggesting that regulatory changes in this gene might have contributed to 429 human-specific traits. This is also the case for the HHMC-carrying transcription factor TCF3, which 430 is known to repress Wnt-Beta-Catenin signaling and maintain the neural stem cell population during 431 neocortical development 125 . Among other macrocephaly-related genes with HHMCs in RNF135
126
, 432 CUL4B 127 and CCND2
128
, the latter also shows a large number of HF changes on the human 433 lineage, and the HHMC in CUL4B is inferred to be deleterious ( 134 , exhibit HF 3'-UTR changes in modern humans, and TRNP1 shows an 440 excess of changes on the modern human lineage. The expression of these two genes in the outer 441 subventricular zone might be important 135 , since this is an important region for complexification of 442 neocortical growth in primates 136 , and for which an enriched activation of mTOR signaling has been 443 reported 137 . In addition to other genes in the mTOR-pathway, such as PTEN 138 The impact on cognition and language 488 It has long been hypothesized that language and its neurological foundation were important for 489 the evolution of humans and uniquely human traits, closely related to hypotheses on the evolution 490 of cognition and behavior. It is noteworthy that among traits associated with cognitive functions 491 such as language or theory of mind, the timing of myelination appears to be a good predictor of 492 computational abilities 170, 171 . Computational processing might have been facilitated by some of the 493 changes presented here, at least in some of the circuits that have expanded in our lineage 172 , since 494 subtle maturational differences early in development 173 may have had a considerable impact on the 495 phenotype. This might be linked to the specific brain growth trajectory in modern humans 11 , and 496 reflected in the morphology of the parietal and temporal lobes 174, 175 , as well as in the size of the 497 cerebellum 8 . Archaic hominins likely had certain language-like abilities 176, 177 , and hybrids of 498 modern and archaic humans must have survived in their communities 178 . However, another 499 important hint for human-specific features is that genes associated with axon guidance functions, 500 which are important for the refinement of neural circuits including those relevant for speech and 501 language, are found in introgression deserts 36, 179 , and especially the FOXP2 region is depleted for 502 archaic introgression, which seems to be a unidirectional and human-specific pattern 68 . This, 503
together with putative positive selection after the split from Neanderthals 180 and regulatory changes 504 affecting FOXP2 expression 181 , could indicate modifications of a complex network in cognition or 505 learning, possibly related to other brain-related, vocal tract 132 or neural changes 182 . We suggest that 506 some other genes with changes on the human lineage might have contributed more specifically to 507 cognition-related changes, although we admit that the contribution of single SNCs to these 508 functions is less straightforward than their contribution to molecular mechanisms, since disease 509 mutations in many genes may have disruptive effects on cognitive abilities. 510
The basal ganglia are a brain region where FOXP2 expression is critical for the establishment 511 and maintenance of language-related functions 183, 184 . Several genes carrying HHMCs have been 512 described previously as important for basal ganglia functions related to language and cognition. The 513 HTT protein has long been implicated in the development of Huntington's disease, which is 514 associated with corticostriatal dysfunction, and is known to interact with FOXP2 185 . Mutations in 515 SLITRK1 have been linked to Tourette's syndrome, a disorder characterized by vocal and motor tics, 516 resulting from a dysfunction in the corticostriatal-thalamocortical circuits 186 . NOVA1 regulates 517 RNA splicing and metabolism in a specific subset of developing neurons, particularly in the 518 striatum 187 . As pointed out above, NOVA1 is an interactor of ELAVL4, which belongs to a family of 519 genes known to promote the production of deep layer FOXP2-expressing neurons [188] [189] [190] , and part of 520 a neural network-related cluster that has been highlighted as putatively under positive selection in 521 humans 22 . Within this network, α -synuclein (encoded by SCNA) might serve as a hub and is 522 specifically expressed in brain regions important for vocal learning regions in songbirds 67 . SCNA 523 and SV2C, which carries a HHMC, are involved in the regulation of dopamine release, with SV2C 524 expression being disrupted in SCNA-deficient mice and in humans with Parkinson's disease 191 . 525
Genes in the cluster of selection signals 22 are implicated in the pathogenesis of Alzheimer's disease, 526 which (together with Huntingon's and Parkinson's diseases) is linked to a FOXP2-driven 527 network 192 . Some introgressed archaic alleles are downregulated in specific brain regions 27 , 528 especially pronounced in the cerebellum and basal ganglia. One notable example is NTRK2, which 529
shows an excess of HF changes on the human lineage and a signature of positive selection 19 , and is 530 also a FOXP2 target 35 , a connection which has been highlighted for the vocal learning circuit in 531 birds 193 . Other genes harboring HHMCs such as ENTHD1 106 and STARD9
194
, as well as genes in 532 introgression deserts 25 , have been associated with language deficits. It may indeed have taken a 533 complex composite of changes to make our brain fully language-ready 195 , where not all changes 534 needed to reach fixation. 535
In the broader context of cognition, we find an enrichment of HHMCs in genes associated to 536 "Alzheimer's disease (cognitive decline)" and "Cognitive decline (age-related)", with seven 537 associated genes (COX7B2, BCAS3, DMXL1, LIPC, PLEKHG1, TTLL2 and VIT). Two other genes 538 linked to Alzheimer's are PTEN 196 , and RB1CC1 197 . Among genes with deleterious HHMCs, 539 SLC6A15 has been associated to emotional processing in the brain 198 , and may be part of 540 modifications in glutamatergic transmission 199 , a category found in selective sweep regions 147 . 541 GPR153, which carries one HHMC and two AHMCs, influences behavioral traits like decision 542 making in rats, and is associated with various neuropsychiatric disorders in humans 200 . Another 543 interesting candidate change in the context of cognitive abilities might affect the Adenylosuccinate 544 Lyase (ADSL), for which the ancestral Neanderthal-like allele has not been observed in 1,000s of 545 modern human genomes. This gene has been associated to autism 201 , is part of behavioral traits like 546 "aggressive behavior" which have been found to be enriched on the human lineage 17 , and several 547 studies detected a signal of positive selection in modern humans 19, 20, 202 . These observations make 548 ADSL a strong candidate for human-specific features, particularly in light of the fact that the 549 relevant HHMC is located in a region that is highly conserved and lies close to the most common 550 disease mutation leading to severe adenylosuccinase deficiency 20 . Other relevant genes, similar to 551 ADSL in carrying a fixed HHMC and being frequently found in selective sweep screens, are 552 NCOA6, which might be related to autism as well 203 , and SCAP. Downregulation of the cholesterol 553 sensor encoded by this gene has been shown to cause microcephaly, impaired synaptic transmission 554 and altered cognitive function in mice 119 . We want to emphasize that the networks presented in the 555 previous sections influencing brain growth and neural wiring are likely to impact cognitive 556 functions, since disruptions in these networks would impair the healthy human brain. Furthermore, 557
we find an enrichment of AHMCs in genes associated to Parkinson's disease and "Attention deficit 558 hyperactivity disorder and conduct disorder", suggesting that changes may have taken place in 559 related networks on the archaic lineage as well. 560 561
Life history and other phenotypic traits 562
Apart from their consequences for cognitive functions, it has been suggested that changes 563 involved in synaptic plasticity might be interpreted in a context of neoteny 19, 100, 204, 205 , with the 564 implication of delayed maturation in humans 206 and a longer timeframe for brain development. 565
However, given their similar brain sizes 207 , humans and Neanderthals might both have needed a 566 long overall maturation time 208, 209 . Accordingly, notions like neoteny and heterochrony are unlikely 567 to be fine-grained enough to capture differences between these populations, but early differences in 568 infant brain growth between humans and Neanderthals 8, 210 could have rendered our maturational 569 profile distinct during limited developmental periods and within specific brain regions, imposing 570 different metabolic requirements 211 . One of the brain regions where such differences are found is 571 the orbitofrontal cortex (OFC) 174 , and we find that the OFC at infant age (0-2 years) is enriched for 572 the expression of genes that carry HHMCs compared to synonymous SNCs. We suggest that the 573 development of the OFC in infants might have been subject to subtle changes since the split from 574
Neanderthals rather than a general developmental delay, which is particularly interesting given that 575 this brain region has been implied in social cognition 212 and learning 213 .
576
Genes carrying HHMCs are enriched for expression in the gray matter of the forebrain at the 577 adolescent age compared to AHMC-carrying genes, hence additional human-specific modifications 578 during this period might have taken place, possibly linked to changes in myelination described 579 above. It has been suggested that differences in childhood adolescence time existed between 580 humans and Neanderthals, after a general developmental delay in the hominin lineage 214, 215 . Dental 581 evidence suggests an earlier maturation in Neanderthals than modern humans 216 , and it has been 582 claimed that Neanderthals might have reached adulthood earlier 217 . Furthermore, an introgressed 583 indel from Neanderthals causes an earlier onset of menarche in present-day humans 218 , supporting 584 at least the existence of alleles for earlier maturation in the Neanderthal population. Among the 585 genes carrying fixed HHMCs, NCOA6 has also been linked to age at menarche and onset of 586 puberty 219 , as well as placental function 220 . This putative TF is enriched in HF changes and has been 587 suggested to have been under positive selection on the modern human lineage 19, 202 . The HHMC is 588 located nearby and three 5'-UTR variants within a putatively selected region 22 , with an estimated 589 time of selection at around 150 kya (assuming a slow mutation rate). Even though this gene carries 590 an AHMC as well, it remains possible that modern humans acquired subtle differences in their 591
reproductive system through lineage-specific changes in this gene. A delay in reproductive age may 592 influence overall longevity, another trait for which our data set yields an enrichment of genes with 593
HHMCs (SLC38A10, TBC1D22A and ZNF516).
594
The male reproductive system might have been subject to changes as well, since we find that 595 several proteins in spermatogenesis seem to carry It has been found that Neanderthal alleles contribute to addiction and, possibly, pain sensitivity 609 in modern humans 225, 226 . In this context, an interesting protein-truncating SNC at high frequency in 610 humans is the loss of a stop codon in the opioid receptor OPRM1 (6:154360569), potentially 611 changing the structure of the protein encoded by this gene in some transcripts. Other mutations in 612 this gene are associated to heroin addiction 227 , and pain perception 228 , but also sociality traits 229 . 613
Interestingly, a recent study found a pain insensitivity disorder caused by a mutation in ZFHX2 230 , 614 which carries an AHMC, and three HHMCs are observed in NPAP1, which might be associated 615 with the Prader-Willi syndrome, involving behavioral problems and a high pain threshold 231 . Such 616 changes may point to differences in levels of resilience to pain between Neanderthals and modern 617 humans. 618 619 620
Conclusion
622
The long-term evolutionary processes that led to the human condition 1 is still subject to debate 623 and investigation, and the high-quality genomes from archaic humans provide opportunities to 624 explore the recent evolution of our species. We want to contribute to an attempt to unveil the 625 genetic basis of specific molecular events in the time-window after the split from these archaic 626 populations and before the emergence of most of the present-day diversity. We sought to combine 627 different sources of information, from genome-wide enrichment analyses to functional information 628 available for specific genes, to identify threads linking molecular needles in this expanded haystack. 629
In doing so, we have mainly built on existing proposals concerning brain-related changes, but we 630 have divided the observations into different biological levels, from cellular changes through brain 631 organization differences to complex phenotypic traits. Only future experimental work will 632 determine which of the changes highlighted here contributed significantly to making us "fully 633 human". We hope that our characterization and presentation of some new candidate genes will help 634 prioritize inquiry in this area. all genes that span at least 5,000 bp in the genome and carry at least 25 segregating sites in the 740 dataset (at any frequency in humans or in archaics), in order to remove genes which are very short 741 or poor in mutations. The top 5% of the empirical distribution was defined as putatively enriched 742 for changes on each lineage. The ratio of lineage-specific HF changes was calculated for the subset 743
of genes where at least 20 lineage-specific HF changes were observed on the human and the archaic 744 lineages combined. The top 10% of the empirical distribution was defined as putatively enriched for 745 lineage-specific changes. 746 We performed enrichment tests using the R packages ABAEnrichment 44 and DescTools
248
. We 747 used the NHGRI-EBI GWAS Catalog 41 , and overlapped the associated genes with protein-coding 748 changes on the human and archaic lineages, respectively. We counted the number of HF missense 749 changes on each lineage and the subset of those associated to each trait ("Disease trait"), and 750 performed a significance test (G-test) against the number of genes associated to each trait, and all 751 genes in the genome, with a P value cutoff at 0.1. This suggests a genome-wide enrichment of 752 changes for each trait. We then performed a G-test between the numbers of HF missense changes 753 on each lineage, and the subset of each associated to each trait (P-value cutoff at 0.1), to determine 754 a difference between the two lineages. We then performed an empirical test by creating 1,000 755 random sets of genes with similar length as the genes associated to each trait, and counting the 756 overlap to the lineage-specific missense changes. At least 90% of these 1,000 random sets were 757 required to contain fewer missense changes than the real set of associated genes. Only traits were 758 considered for which at least 10 associated loci were annotated. 759
Gene Ontology (GO) enrichment was performed using the software FUNC 249 , with a significance 760 cutoff of the adjusted p-value < 0.05 and a family-wise error rate < 0.05. When testing missense 761 changes, a background set of synonymous changes on the same lineage was used for the 762 hypergeometric test. When testing genes with relative mutation enrichment, the Wilcoxon rank test 763 was applied. Enrichment for sequence-specific DNA-binding RNA polymerase II transcription 764 factors (TFs) and TF candidate genes from 43 , and genes interacting at the centrosome-cilium 765 interface 49 was tested with an empirical test in which 1,000 random sets of genes were created that 766 matched the length distributions of the genes in the test list. The same strategy was applied for 767 genes expressed in the developing brain (Table S10) 45 . Protein-protein interactions were analyzed 768 using the STRING online interface v10.5 250 with standard settings (medium confidence, all sources, 769 query proteins only) as of January 2018. The overlap with selective sweep screens considers 770
HHMCs within 50,000 bp of the selected regions 13, 19, 22 . 771 772 773
